Ligands that activate the epidermal growth factor receptor (EGFR) are synthesized as membraneanchored precursors that appear to be proteolytically released by members of the ADAM family of metalloproteases. Because membrane-anchored EGFR ligands are thought to be biologically active, the role of ligand release in the regulation of EGFR signaling is unclear. To investigate this question, we used metalloprotease inhibitors to block EGFR ligand release from human mammary epithelial cells. These cells express both transforming growth factor ␣ and amphiregulin and require autocrine signaling through the EGFR for proliferation and migration. We found that metalloprotease inhibitors reduced cell proliferation in direct proportion to their effect on transforming growth factor ␣ release. Metalloprotease inhibitors also reduced growth of EGF-responsive tumorigenic cell lines and were synergistic with the inhibitory effects of antagonistic EGFR antibodies. Blocking release of EGFR ligands also strongly inhibited autocrine activation of the EGFR and reduced both the rate and persistence of cell migration. The effects of metalloprotease inhibitors could be reversed by either adding exogenous EGF or by expressing an artificial gene for EGF that lacked a membrane-anchoring domain. Our results indicate that soluble rather than membrane-anchored forms of the ligands mediate most of the biological effects of EGFR ligands. Metalloprotease inhibitors have shown promise in preventing spread of metastatic disease. Many of their antimetastatic effects could be the result of their ability to inhibit autocrine signaling through the EGFR.
The epidermal growth factor receptor (EGFR) plays an important role during development. Knockout of the EGFR gene results in numerous developmental abnormalities in the brain, skin, and gut (1, 2) . A variety of ligands in addition to EGF have been shown to stimulate the EGFR, including transforming growth factor ␣ (TGF␣) (3), amphiregulin (AR) (4), heparin-binding EGF (5) , and betacellulin (6) . All of these ligands are made as membrane-spanning prohormones that are processed and released through regulated proteolysis (7) . Although the identities of all of the proteases involved have not been definitively established, recent data suggests that the release of TGF␣ involves TACE, a member of the ADAM family of metalloproteases, which originally was identified as being responsible for the release of tumor necrosis factor ␣ (8-10).
Disruption of the EGFR gene in mice indicates that epithelial cells are most profoundly affected by receptor loss (1, 2, 11) . Interestingly, knockout of the TACE gene in mice results in a very similar phenotype (10) . Although these data have been interpreted to indicate that proteolytic release of EGFR ligands is important in receptor function in vivo, this conclusion is contradicted by numerous in vitro studies that appear to show that membrane-anchored growth factors are biologically active in a juxtacrine fashion (12) (13) (14) . One possible explanation is that the activities of membrane-anchored ligands are distinct from those of the soluble forms. Perhaps juxtacrine ligands mediate short-range signaling, whereas soluble ligands operate on distal cells. Alternatively, the in vitro studies on membrane-anchored ligands may have been misleading. Those studies typically have used artificial systems in which the cell expressing the ligand is distinct from the cell expressing the receptor (12) (13) (14) . Most EGF-dependent cells, such as those found in the gut, kidneys, and epidermis, have been shown to express one or more EGFR ligands in an autocrine fashion (15) (16) (17) . In addition, EGFR ligands stimulate a number of different biological responses in these cells, such as proliferation and migration, which may display different sensitivities to membrane-anchored versus soluble ligand (18) . Because of limitations in previous experimental systems, the relative activities of soluble versus membrane-anchored ligands have been difficult to compare.
The release of several EGFR ligands can be blocked by low molecular weight hydroxamate compounds, which are selective metalloprotease inhibitors (19) (20) (21) . One of these inhibitors, batimastat, has been used in clinical trials as an inhibitor of tumor metastasis (22, 23) . Although batimastat initially was thought to work by inhibiting matrix-degrading enzymes, such as collagenase, recent studies indicate that its mode of action is more complex (24) . To determine whether batimastat exerts some of its antimetastatic effects by inhibiting release of EGFR ligands, we used a human mammary epithelial cell line (HMEC line 184A1) that previously has been shown to depend on autocrine signaling through the EGFR for growth and proliferation (25) . Here, we show that blocking the proteolytic release of EGFR ligands essentially abolishes their biological activities, suggesting that at least some membrane-anchored forms of EGFR ligands are functionally inactive. In addition, the efficiency at which batimastat blocks proliferation and migration of epithelial cells suggests that much of its antimetastatic activity could be mediated by interference with autocrine signaling through the EGFR system. medium DFCI-1 as described (27) . HCT-116 cells were obtained from the American Type Culture Collection. Cells expressing EGF with carboxyl terminus (EGF-Ct) and secreted EGF (sEGF) have been described (18) . mAb 225 directed against the EGFR (28) was isolated from a hybridoma cell line obtained from the American Type Culture Collection. EGF was obtained from Peprotech (Rocky Hill, NJ). Antiphosphotyrosine horseradish peroxidase conjugate (RC-20) and anti-EGFR antibody (C-13) used in Western blots were obtained from Transduction Laboratories, Lexington, KY. Batimastat (BB-94) and BB-2116 were obtained from British Biotechnology (Oxford, U.K.). Matrix metalloproteinase 3 inhibitor was obtained from Calbiochem.
Ligand Cleavage. Cells were plated into 60-mm dishes and grown until near confluence. The medium was replaced with 2 ml of fresh medium containing the appropriate inhibitor together with 20 g͞ml of 225 mAb to block ligand uptake by the cells. After 18 hr, the medium was harvested for determination of ligand concentration. Cells were counted, and ligand concentration was normalized to nanograms per million cells. EGF concentration was determined by ELISA as described (29) . Concentrations of TGF␣ were determined by RIA as described (30) . Concentrations of AR were determined by sandwich ELISA. Capture antibody (anti-AR 6RIC 2.4) was absorbed to wells overnight (0.2 g͞well) and blocked with 3% BSA and 0.5% Tween-20. Samples were incubated for 1 hr at 37°C and secondary antibody (0.1 g͞well biotinylated anti-AR 4.14.18) was added for 1 hr at 37°C followed by 0.05 g͞ml of peroxidase-conjugated streptavidin. Substrate (0.5 mg͞ml of O-phenylenediamine dihydrochloride) was added for 5 min, and the reaction product was read in a microplate reader. Standards were recombinant human AR (R&D Systems) diluted in culture medium.
EGFR Phosphorylation. Cells were plated into 100-mm dishes and grown until near confluence and then treated with or without 10 g͞ml of mAb 225 or 10 M batimastat for 24 hr. EGF (100 ng͞ml) was added to one set of plates for 20 min. Cell extracts were isolated in RIPA buffer (0.15 mM NaCl͞ 0.05 mM Tris⅐HCl, pH 7.2͞1% Triton X-100͞1% sodium deoxycholate͞0.1% SDS) in the presence of 1 mM orthovanadate and protease inhibitors (31) . Equal amounts of protein were immunoprecipitated with mAb 225, rabbit anti-mouse IgG, and protein A-Sepharose. The immunoprecipitates were resolved on 5-10% SDS͞PAGE gels and transferred to nitrocellulose membrane. The membrane was probed with horseradish peroxidase-conjugated antiphosphotyrosine antibody (RC-20), followed by ECL detection (Amersham Pharmacia). Band density was determined by using a Bio-Rad model GS-670 Imaging Densitometer. After stripping with Tris buffer containing 2% SDS, the blots were reprobed with anti-EGFR mAb C-13 and goat anti-mouse IgG horseradish peroxidase conjugate.
Proliferation Assays. Cells were plated on coverslips and grown in complete DFCI-1 medium for 1 day. Then the cells were switched to control medium, or medium containing the indicated additives for 2 days. BrdUrd (10 M) was added for the last 18 hr to label any cells in S phase. Cells were stained with a BrdUrd labeling and detection kit (Boehringer Mannheim) and counterstained with 15 nM 4Ј,6-diamidino-2-phenylindole (DAPI). Random fields of cells were selected by using an automated stage operated with OPENLAB software (Improvision, Boston). Images of nuclei were obtained at 470 nm (DAPI) and 520 nm (BrdUrd) and were counted by using the OPENLAB density slicing and automator modules. At least 20 random fields were counted for each slide. Selected manual counts were done to confirm the accuracy of the software. For direct determination of cell proliferation, cells were plated at 5,000-10,000 per well in 24-well dishes. The next day the cells were changed to growth medium with the indicated additions. Two days later, the medium was changed, and after an additional 2 days the cells were removed from the dishes by trypsin, and cell numbers were determined by using a Coulter counter.
Clonal Density Growth. Cells were plated into 35-mm dishes at clonal density (1:400) and grown in complete DFCI-1 medium or DFCI-1 medium supplemented with 10 M batimastat. The medium was changed every 2 days. After 2 weeks, plates were stained with Giemsa.
Cell Tracking. Confluent cultures of cells split at a 1:50 ratio 20 hr previously were treated either with or without either EGF or batimastat for 4 hr and mounted on a 37°C heated stage by using DFCI-1 medium lacking bicarbonate but containing 25 mM Hepes. The medium was overlaid with mineral oil to prevent evaporation. Phase contrast images were taken of random fields at 10-min intervals for a total of 15 hr by using a 10ϫ objective and OPENLAB software (Improvision). Cells were marked manually in the center of the nucleus at each time point by using the Advanced Measurements module. The mean squared displacement of the cells as a function of time was calculated as described (32) .
RESULTS

Batimastat Inhibits Proliferation of EGF-Dependent Cells.
To determine whether metalloprotease inhibitors could reduce proliferation of HMEC, we treated cells either with or without batimastat for 48 hr. During the final 18 hr, BrdUrd was added to label cells in S phase. As shown in either the presence or absence of batimastat. Thus, although batimastat inhibited proliferation of HMEC, soluble EGF appeared to reverse most of this effect.
To determine whether batimastat inhibits the proliferation of other cells that depend on autocrine signaling through the EGFR, we compared its effect on the colon cancer lines HCA-7 and HCT-116. The growth of HCA-7 cells previously has been shown to be inhibited by blocking the EGFR whereas HCT-116 cells are unresponsive to EGF (33, 34) . As shown in Fig. 1B , the addition of either batimastat or mAb 225 alone inhibited the growth of HCA-7 cells by about 60%. The addition of both mAb 225 and batimastat completely blocked the growth of these cells. Very similar results were obtained by using the autocrine-dependent MDA-MB-468 cell line (data not shown). The addition of EGF reversed the effect of batimastat on HCA-7 cells. The growth of HCT-116 cells, however, was not inhibited by the addition of either mAb 225 or batimastat or a combination of the two reagents. These results indicate that cells that are inhibited by blocking the EGFR also are inhibited by batimastat.
We evaluated the levels of mRNA encoding the different EGFR ligands in HMEC by using the reverse transcriptase-PCR technique and found significant levels of only TGF␣ and AR (data not shown). We then verified that metalloprotease inhibitors can inhibit the release of these ligands from HMEC. We found that during an 18-hr treatment period, 5 M batimastat reduced the amount of TGF␣ found in the medium from 86 pg͞ml to undetectable levels whereas AR was reduced from 3.5 to 1.6 ng͞ml. Thus it appears that batimastat treatment can inhibit release of both TGF␣ and AR.
To explore the relative contribution of TGF␣ versus AR release in HMEC proliferation, we evaluated several different metalloprotease inhibitors for their ability to differentially inhibit release of TGF␣ versus AR. We found that the compound BB-2116, a water-soluble derivative of batimastat, appeared to be a relatively selective inhibitor of TGF␣ release. At a concentration of 10 M, BB-2116 reduced the amount of TGF␣ found in the medium during an 18-hr period from 64 to 26 pg͞ml whereas AR was unaltered (from 0.53 to 0.52 ng͞ml in the presence and absence of 10 M BB-2116, respectively). We then treated cells with varying concentrations of BB-2116 and measured both TGF␣ release and cell proliferation. As shown in Fig. 2 , increasing concentrations of BB-2116 caused a dose-dependent reduction in the amount of TGF␣ released from HMEC. Cell proliferation also was reduced in direct proportion to the reduction in TGF␣ release. Metalloprotease inhibitors that had no effect on TGF␣ release (such as matrix metalloproteinase 3 inhibitor) had no effect on cell proliferation. Therefore, the effects of metalloprotease inhibitors on HMEC proliferation appears to be directly correlated to their effects on TGF␣ release.
Cells Expressing Soluble EGF Are Not Inhibited by Batimastat. The EGFR system is ''autoinductive'' in that EGFR activation can stimulate the synthesis of EGFR ligands (16) . It seemed possible that the effect of batimastat on cell proliferation might not be caused directly by inhibition of EGFR ligand release, but instead caused by an effect on EGFR signaling and a consequent reduction in ligand gene expression. Direct measurements did not support this hypothesis, however. The amount of TGF␣ found in cell lysates was not reduced after batimastat treatment (from 950 pg to 1,200 pg per 10 6 cells before and after 5 M batimastat treatment for 18 hr, respectively).
If batimastat is preventing cell proliferation by inhibiting release of membrane-anchored EGFR ligands, then we should be able to circumvent this inhibition by removal of the membrane anchor. We therefore engineered an artificial EGF gene that lacks transmembrane and cytoplasmic domains ( Fig. 3A ; also see ref. 29 ). Unlike native EGF, the product of this artificial gene (sEGF) does not require proteolytic processing.
To make a control construct, sequences of the transmembrane and cytoplasmic domains of EGF were added to yield an artificial membrane-anchored form of EGF (EGF-Ct). The product of this second artificial gene still should require proteolysis to be released from the cell surface. These two EGFR ligands then were stably expressed in HMEC using retrovirus-mediated gene transfer (35) . Because these constructs use retroviral promoters, their expression levels are independent of EGFR activity.
In the absence of batimastat, cells expressing either sEGF or EGF-Ct released similar amounts of EGF into the medium (Fig. 3B) . Batimastat reduced the amount of EGF released from cells expressing EGF-Ct by 86% during an 18-hr period. In contrast, there was no effect on the release of EGF from cells expressing sEGF. Additional experiments demonstrated that the concentration of batimastat necessary for half- We conclude that batimastat effectively inhibits the release of membraneanchored EGF, most likely through its effect on the processing protease. This inhibition is very similar to what has been described for the native EGF molecule (21) .
To determine whether batimastat can selectively block the growth and proliferation of cells expressing membraneanchored EGF, we seeded HMEC expressing either sEGF or EGF-Ct, as well as the parental cell line, at clonal density in either the presence or absence of batimastat. After 14 days in culture, the plates were stained to visualize cell colonies. As shown in Fig. 3C , batimastat effectively blocked the clonal growth of both the parental HMEC as well as cells expressing EGF-Ct. Significantly, batimastat had little effect on cells expressing secreted sEGF. Results from BrdUrd labeling studies confirmed these results (data not shown). The addition of batimastat reduced the percent of cells entering S phase from 78% to 25% in the case of cells expressing EGF-Ct, but had no effect on cells expressing sEGF (80% and 78% in the presence and absence of batimastat, respectively). The addition of exogenous EGF reversed the effect of batimastat on cells expressing EGF-Ct (from 25% to 74%; data not shown). Although batimastat (or soluble EGF) had no effect on the behavior of cells expressing sEGF, these cells still depended on EGFR activation. The addition of PD 153035, a specific inhibitor of the EGFR kinase (36) , effectively blocked the growth of these cells (data not shown). Together, these results show that batimastat selectively inhibits the proliferation of cells expressing membrane-anchored forms of EGFR ligands.
If batimastat is preventing HMEC proliferation through its effect on EGF release, we also should observe an inhibition of EGFR activation. To directly evaluate this prediction, cells were treated with batimastat, antagonistic mAb 225 or EGF, and the level of EGFR tyrosine phosphorylation was determined by Western blots. As shown in Fig. 4 , the presence of batimastat inhibited autocrine activation of the EGFR in both parental HMEC and cells expressing EGF-Ct, but had no effect on cells expressing sEGF. The degree of inhibition with batimastat was similar to that observed for the antagonistic mAb 225. The activation of EGFR by sEGF could not be efficiently inhibited by mAb 225 because sEGF binds to the EGFR before receptor arrival at the cell surface (18) . Addition of a bolus of soluble EGF resulted in a high level of EGFR phosphorylation that was not affected by the presence of batimastat. These results show that batimastat has no direct effect on EGFR activation, but appears to work by inhibiting ligand release.
Batimastat Inhibits Migration of Epithelial Cells. Batimastat previously has been shown to inhibit the ability of cells to invade basement membranes, presumably because of its ability to inhibit matrix-degrading enzymes (24, 37) . Cell invasiveness, however, also requires active migration of the cells into a matrix. Because EGF is known to stimulate the motility a variety of epithelial cells (38, 39) , we hypothesized that batimastat also might inhibit cell migration by blocking EGFR ligand release. We tested this hypothesis by investigating the . Reliable values for directional persistence could not be determined in the presence of batimastat. This inhibitor caused the cell migration behavior to become directionally erratic, yielding tracking data that could not be fit to the persistent random walk model used for the analysis (32) . Visual observations showed that cells treated with batimastat tended to ''oscillate'' around their initial location with little net translocation, indicating that batimastat has a strong negative effect on cell persistence. This idea is supported by inspection of the tracking data (compare the top left and middle left panels of Fig. 5 ). The net effect of reducing both speed and persistence would be an inability of cells to migrate any significant distance from their origin. Because exogenous or ''preprocessed'' EGF readily reverses the effect of batimastat (Fig. 5 ), it appears that batimastat primarily inhibits cell migration by interfering with EGFR ligand release.
DISCUSSION
Ever since the discovery that EGFR ligands are made as membrane-anchored precursors, the functional role of this form has been debated. The current paradigm is that membrane-anchored growth factors act as juxtacrine regulators of cell-cell signaling (7). This conclusion was based on the demonstration that cells expressing protease-resistant forms of ligands such as TGF␣, could activate receptors on neighboring cells (12, 13) . Although these studies demonstrated clear evidence of cell-cell signaling, several caveats remain with respect to their interpretation. First, cleavage resistance of the constructs was evaluated by the lack of detectable TGF␣ in the medium (13) . Subsequently, however, it has been shown that released EGFR ligands are not necessarily detectable because of the high capture efficiency of EGFR on the ligandexpressing cells (18, 30) . We have, in fact, found significant amounts of TGF␣ released by cells expressing ''noncleavable'' TGF␣ constructs if the endogenous EGFR are first blocked with antagonistic antibodies (unpublished observations). Second, many of the studies on juxtacrine signaling have used cell types that are hypersensitive to EGFR ligands, usually because of EGFR overexpression (12) (13) (14) . Even though these systems can be very useful, they may overestimate the degree of juxtacrine signaling. Finally, most studies have not quantified the relative contribution of soluble versus membraneanchored ligand to total ligand activities. In those cases where this comparison has been done, soluble ligands have been found to have much greater activity than their membraneanchored counterparts (12, 14, 40) .
Our data indicate that in the case of autocrine signaling through the EGFR, conversion of the membrane-anchored to a soluble form is required to observe significant biological activity. Interestingly, we found that although HMEC released almost 10-fold more AR than TGF␣, autocrine-stimulated mitogenesis correlated with the release of TGF␣. This difference could be caused by the much lower affinity of AR for the EGFR as compared with TGF␣ (41) . Alternately, the biological activity of AR appears to depend on the expression of specific glycosaminoglycans by target cells (42) , a parameter we could not control. In any case, the tight correlation that we observed between TGF␣ release and proliferation of HMEC strongly indicates that the proteolytic release of EGFR ligands is the rate-limiting step in EGFR activation.
Although proteolytic release appears to be necessary for the activity of EGF and TGF␣, it may not be true for all EGFR ligands. For example, good evidence exists that heparinbinding EGF can operate efficiently in a juxtacrine mode (14) . However, TGF␣ and AR appear to be the most important ligands in EGFR-dependent tissues, such as the skin, gut, and mammary epithelium (3, 43, 44) . Recently, it has been observed that proteolytic release of membrane-anchored neuregulins is necessary for their in vivo activity (45) . In addition, proteolytic processing of the Notch ligand Delta also appears necessary for expression of its biological activity (46) . Interestingly, the protease responsible for the processing of the Notch ligand is a member of the ADAM family of metalloproteases. A member of this family, TACE͞ADAM 17, recently has been shown to be responsible for the release of TGF␣ (10) . The ADAM proteases contain both disintegrin and signaling domains that potentially could regulate both their localization and activity (47) . Recently, we have shown that the membrane-anchoring domain of EGFR ligands serves an important function in regulating the cell compartment in which ligand can access the EGFR (18) . A requirement for both specific localization and regulated proteolysis of ligands could be an important determinant of EGFR activation.
Metalloprotease inhibitors that prevent EGFR ligand release, such as batimastat, have shown promise in preventing spread of metastatic disease in both animal studies and early clinical trials (22, 23) . These inhibitors originally were thought to work by preventing the proteolytic breakdown of the extracellular matrix by invading tumor cells (37) . Detailed studies, however, have suggested that they also inhibit cell proliferation and migration (24) . EGFR activation is necessary for the growth of many epithelial tumors and can regulate the synthesis of a number of matrix-degrading proteases (48) . The inhibitory effect of batimastat on metastasis thus may be mediated in part through interference with autocrine EGFR signaling. Efforts to identify proteases involved in growth factor processing together with rational drug design to selectively inhibit their activity therefore may be a fruitful approach to improve current cancer therapies. In addition, understanding how proteolysis of EGFR ligands is regulated may provide additional insights into how cell behavior is coordinated during development.
